Abstract Air pollution from motor vehicles, electricity-generating plants, industry, and other sources can harm human health, injure crops and forests, damage building materials, and impair visibility. Economists sometimes analyze the social cost of these impacts, in order to illuminate tradeoffs, compare alternatives, and promote efficient use of scarce resource. In this paper, we compare estimates of the health and visibility costs of air pollution derived from a meta-hedonic price analysis, with an estimate of health costs derived from a damage-function analysis and an estimate of the visibility cost derived from contingent valuation. We find that the meta-hedonic price analysis produces an estimate of the health cost that lies at the low end of the range of damage-function estimates. This is consistent with hypotheses that on the one hand, hedonic price analysis does not capture all of the health costs of air pollution (because individuals may not be fully informed about all of the health effects), and that on the other hand, the value of mortality used in the high-end damage function estimates is too high. The analysis of the visibility cost of air pollution derived from a meta-hedonic price analysis produces an estimate that is essentially identical to an independent estimate based on contingent valuation. This close agreement lends some credence to the estimates. We then apply the meta hedonic-price model to estimate the visibility cost per kilogram of motor vehicle emissions. 
Introduction
Air pollution from motor vehicles, electricitygenerating plants, industry, and other sources, natural and man-made, can harm human health, injure crops and forests, damage building materials, and impair visibility. To mitigate these harms, the US Environmental Protection Agency (USEPA) sets standards for the maximum concentration of pollutants in the air (USEPA, 1998) , and for the maximum rate of emissions from major sources such as motor vehicles and power plants. Because the USEPA's air quality and emissions standards can require costly changes in activities, processes, Ł Corresponding author. Email: madelucchi@ucdavis.edu and technologies, interest groups and legislators argue a great deal about what the standards should be, or whether we should complement or replace the standards with other approaches, such as emission pricing or emission trading. In order to evaluate and compare air quality standards, emission controls, new technologies (such as electric vehicles), and planning and pricing policies, economists sometimes analyze the relevant social costs and benefits, on the presumption that one should not adopt standards, controls, technologies, or policies whose social costs exceed social benefits (Schwing et al., 1980; Krupnick and Portney, 1991; Hall et al., 1992; Mayeres et al., 1996; USEPA, 1997; Kazimi, 1997; Borger and Wouters, 1998; Romilly, 1999; Johnston and Rodier, 1999; Funk and Rabl, 1999) .
Most such analyses of the social cost of air pollution employ a multi-step damage-function (DF) method, in which one estimates the relationships between policy and emissions, emissions and air quality, air quality and exposure, exposure and physical damage, and physical damage and monetary value (Delucchi, 2000) . However, all of these steps -and the valuation step in particular -are uncertain, and as a result, estimates of the social cost of air pollutant emissions have proven to be highly variable, often differing by an order of magnitude or more (Murphy and Delucchi, 1998; McCubbin and Delucchi, 1999) .
Given the potential importance of social-cost analysis to policy making, this uncertainty in the estimates is unsettling. Although we can expect that further research will narrow the uncertainty, we would in the meantime like to know whether these damage function estimates are credible, and which assumptions and results are likely to be most reasonable. Towards this end, we offer a modest check on the estimates of the cost of both the health and visibility effects of air pollution. We develop a meta-hedonic price analysis (meta-HPA), based on Smith and Huang (1995) , to estimate a relationship between housing prices and housing attributes, including air quality. Because it is difficult, on the basis of HPA alone, to disentangle the health and visibility components of air quality, we make some reasonable assumptions about the allocation of these costs. We then compare these HPA estimates of the health and visibility costs with estimates we derive from alternative models. For health effects, we compare our meta-HPA estimates with recent DF estimates by McCubbin and Delucchi (1999) ; for visibility effects, we compare our meta-HPA estimates with the results of a simple contingent valuation model (CVM) proposed by Chestnut and Dennis (1997) .
Although HPA has shortcomings itself, it is strongest where the DF approach arguably is weakest -in valuation. If carefully applied, it can offer a useful check on the DF results. As explained below, we expect the HPA estimate of the health costs of air pollution to lie at the low end of our DF-estimated range, and the HPA estimate of the visibility cost of air pollution to be of similar magnitude to the estimate based on a meta-CVM. This is just what we find, and we conclude that the health costs of air pollution are likely to lie towards the low end of our DF estimates, but above our HPA estimate, and that our estimates of visibility costs are reasonable.
In the paper, we begin with a discussion of the meta-HPA model and our estimates of the health and visibility costs. The subsequent section outlines our DF estimates of the health costs, followed by our meta-CVM estimates of the visibility costs. We conclude the paper with an application: an estimate of the visibility cost per kilogram of pollution from motor vehicles.
A hedonic price estimate of the cost of air pollution

Overview
In hedonic price analysis (HPA), developed theoretically by Rosen (1974) , one estimates a marginal willingness-to-pay (MWTP) function on the basis of an estimated relationship between housing prices and housing attributes, including air quality. This approach thus attempts to capture the actual value that people place on air quality as revealed by their willingness-to-pay more for homes with better air quality, all else equal.
The strength of HPA is that it is based on real, revealed trade-off behavior in the market place. HPA's strength in the valuation step complements this weakness in DF estimates, making it a good tool for cross-checking these estimates. However, HPA has several weaknesses of its own (Cropper and Oates, 1992) . First, the individual items being valued, such as air quality, are not marketed explicitly as separate items, but rather are marketed implicitly, as part of a bundle of many attributes. An analyst can estimate an implicit relationship between housing price and air quality, but because nobody trades air quality, the analyst cannot be sure that his measure of air quality is the one that people actually use. Ideally, one would use as an explanatory variable the measure of air quality that people actually have in mind when they buy a house. To the extent that the air quality explanatory variable in a hedonic model is not correlated with the real air quality variables in people's minds, the model will misestimate the relationship between housing value and air quality.
Most likely, prospective homebuyers judge air quality on the basis of whether or not the air appears polluted, and what people and the media say about the local air pollution. If this is so, then visual range, or some close proxy, such as total suspended particles (the measure used by Smith and Huang, 1995, in the model we apply below) is probably a reasonable representation of air quality as perceived and evaluated by people.
More importantly, though, on the basis of HPA alone, an analyst cannot determine the components of the implicit value of air quality -health, visibility, soiling, etc. -because there are no separate indicators of these effects in the HPA. And perhaps most seriously, with respect to health effects, it is not clear the extent to which individuals are fully and correctly informed about the health impacts of air pollution. Individuals who underestimate the health effects of air pollution are willing to pay less of a premium for cleaner air than they would if they were fully informed. This last problem -imperfect information about the health effects of air pollution -has led some researchers to suggest that HPA underestimates the true health cost of air pollution (Harrison and Rubinfeld, 1978; Smith and Huang, 1995; Cropper, 2000) . We think that this is broadly correct, although we do not have a good sense of just how under-informed people might be.
There are other reasons, probably not as important, why HPA might underestimate the true health cost of air pollution. The use of property value differences to estimate the benefits of air quality usually assumes that prices and quantities of other things are not affected by changes in air quality. If this assumption is violated, the change in property values may not reflect the household's full WTP for air quality, because people may respond to changes in air quality in ways that do not affect the value of their residences but affect the value of other goods. For example, the demand for some outdoor activities, such as golfing and jogging, may be affected by changes in air quality and cause changes in the prices of goods associated with these activities. If this occurs to any great extent, then HPA can capture only part of the benefits of a change in air quality. Our sense, though, is that this effect is minor.
Finally, HPA reflects WTP for air quality only in the areas of the housing markets included in the analysis; it does not capture the value of air quality outside of these areas. We believe that this omission matters a lot in the valuation of visibility, but very little in the valuation of health effects. Undoubtedly, people place a great deal of value on visibility in national parks and other scenic rural areas outside of housing in the air basin in which they live. However, to a first approximation, the probability of being made ill by air pollution is proportional to the time of exposure, and since most people probably spend at least 90% of their time in the air basin of their home, pollution outside of their air basin will have relatively little effect on their health. Therefore, we do not make any adjustments to the HPA results to account for the health cost of exposure to air pollution outside of the air basins where people live (and work). However, when we apply the HPA model to estimate the total national visibility cost per kg of emission from motor vehicles, we do need to adjust the results to account for WTP for visibility outside of the home regions. We discuss this adjustment briefly below. When we compare the CVM with the HPA, for the purpose of determining the credibility of the different estimation methods, we do not need to adjust the HPA, because the CVM also is WTP for visibility in the areas in which people live. Each method has its limitations (e.g. hedonic models estimate the value of goods that are not marketed explicitly, and CVM is prone to hypothetical bias), but we do not expect these weaknesses to yield major differences. Therefore, we check to see whether the visibility cost estimates from CVM and HPA are of similar magnitude. Although similar results do not necessarily imply that the two estimates are correct, we think it more likely that two dissimilar methods would give different wrong answers than the same wrong answer.
In the following section, we apply a metaanalysis of prior HPAs, by Smith and Huang (1995) to estimate the national cost of air pollution as revealed in the housing market. Where appropriate, we use the same county data sets and methods as we used in the DF analysis. We then refer to other studies to apportion the estimated total cost into health, visibility, and other components. Assuming that, on average, individuals tend to be under-informed about all of the health effects of air pollution, we expect (and indeed find) the HPA results to be at the low end of the DF results. 1 We also compare the meta-HPA estimate of visibility costs with an independent meta-CVM estimate, and find close agreement. 1 A number of studies suggest that although people may be acutely aware of, and concerned about, health risks from pollution, the public may not be educated enough about the causes or consequences of these risks to accurately incorporate these risks into property values. For example, in a survey of French physicians, Rotily et al. (1999) find that there is a need for improving the education of physicians about air pollution. Cropper (2000) asserts that it is unlikely that individuals are very well-educated about the health risks of dirty air. She notes that it is more likely that the property values used in HPAs capture all of the aesthetic benefits (e.g. visibility), but only capture a portion of the health benefits. Zabel and Kiel (2000) note that it is still unclear how individuals process air quality information when determining their willingness-to-pay for housing.
A meta-HPA of the cost of air pollution Smith and Huang (1995) perform a meta-analysis of prior meta-HPAs of the MWTP to reduce particulate matter levels. They review over 50 studies developed between 1967 and 1988, 37 of which had some empirical estimates involving hedonic price functions with some measure of air pollution. From the 167 hedonic models in these studies, Smith and Huang (1995) reconstruct 86 estimates of the MWTP for reducing total suspended particulates (TSP). They then estimate the relationship between MWTP, expressed for each study as the change in the asset value of a house per microgram per cubic meter (µg/m 3 ) of TSP pollution, in each study, and several independent variables, including: the level of pollution in each city in the year closest to the date of the sample, real per-capita income in each city in the year closest to the date for the housing prices, the vacancy rate for the year closest to the date of the housing sales, and qualitative variables describing the characteristics of each study, such as the number of variables used to describe neighborhood quality. Smith and Huang (1995) use two different estimators in their meta-analysis: minimum absolute deviation (MAD) and ordinary least squares (OLS). For each of the two estimators, they specified a simple model, in which TSP levels and per-capita income are the only independent variables, and a more comprehensive model, which included the vacancy rate, characteristics of the original studies, and other variables as well as pollution and income.
We have chosen the Smith and Huang (1995) meta-analysis over other studies because a metaanalysis, being a synthesis of many different studies from many different regions, is a better basis for estimating national damages. As Smith and Huang note, it is better to use a model that relates MWTP to pollution and income in each city than to pick a single best-guess MWTP for every city. We choose their simple MAD model because we have data on income and TSP levels in every county in the US, and because MAD is less sensitive to outlying observations, which are a concern in Smith and Huang's meta-analysis.
A hedonic model of the cost of air pollution
We model 1990 conditions (air quality, emissions, income, and population), and express our results in 1991 dollars. To estimate the cost of pollution in the US, we begin with a simple MAD air quality demand equation, developed by Smith and Huang (1995) We treat equation (1) as the household demand function for TSP reductions. To calculate how much households in the US are willing to pay for an improvement in air quality (VT 91 ), we integrate the household demand function between the two TSP levels, and multiply by all households in the US. We estimate the cost of all anthropogenic visibility pollution, and the cost of motor vehicle pollution as:
where VT 91 is the total amount extra that all households in the US would have been willing to pay for their homes, if they had bought their homes outright in 1991, if TSP in each county were at the level represented by PP instead of the level represented by PI; the subscript c denotes counties in the US; H c is the number of households in county c in the US in 1990 (Bureau of the Census, 1994) 2 ; K 1 is the GNP implicit price deflator to estimate 1991 WTP given 1983 prices and equals 1Ð322; K 2 is the GNP implicit price deflator to estimate 1990 income given 1983 prices and equals 1Ð264; Equation (2) is our cost model. Note that the estimated total willingness-to-pay, VT 91 , represents a one-time payment for a commodity (i.e. a home) that lasts many years. To convert this one-time total WTP to an annualized payment, VT 91 must be amortized, or annualized, over the economic life of the home. This annualized payment, which we will denote VA 91 , is equal to full asset value (or one-time payment, VT 91 ) multiplied by an annualization factor (AF):
where VA 91 is the annualized WTP of households, and the last term on the right-hand side is the AF. Assuming an annual interest rate, i, for home investments between 4 and 7 percent (based on historical real mortgage interest rates, Bureau of the Census, 1992), with a term, t, of 40 to 30 years (our assumption), the annualization factor is 0Ð0505 in the low case, and 0Ð0806 in the highcost case.
Estimating TSP levels
The WTP model derived in (2) estimates the total annual household WTP for a change in TSP from the actual TSP level in 1990 to the TSP level after an assumed change in emissions (i.e. the elimination of all anthropogenic emissions). We specify the initial pollution level, PI, to be the actual ambient air quality in each county in the US in 1990. We estimate PP, in each county, on the assumption that the ratio of actual PP to actual PI is equal to the ratio of the modeled PP to modeled PI:
assume:
where PP is the estimated actual TSP level after the change in emissions (in this case, eliminate all anthropogenic emissions); PI is the actual ambient TSP level in 1990 prior to the change in emissions (data from air quality monitors, USEPA, 1993; see McCubbin and Delucchi, 1996 , for details); PP Ł is the modeled level of TSP after the change in emissions (since we estimate the visibility cost of all anthropogenic TSP pollution, PP Ł is the natural, or background, level; see Delucchi and McCubbin, 1996, for details) 3 ; and PI Ł is the modeled level of ambient TSP prior to the change in emissions .
We use a Gaussian dispersion air-quality model, with simple two-or three-step atmospheric chemistry, to model the ratio PP Ł /PI Ł (see , for details). In essence, the air-quality model estimates changes in ambient concentrations of particulate matter (the ratio PP Ł /PI Ł ) as a function of changes in emissions of particulate matter and particulate-matter precursors and other parameters. 4 In this air-quality model, we specify emission and dispersion parameters to represent urban and suburban situations, because the hedonic price model presented above estimates the WTP for reductions in TSP levels in areas where people buy property. We also weight modeled ambient pollutant levels according to their contribution to light extinction because, as mentioned above, we believe that individuals really use visual range, not TSP levels per se, as the basis of assessing air pollution. Also, the use of lightextinction weights is appropriate when using the meta-HPA to estimate the visibility cost of air pollution.
Apportioning the total WTP to health, visibility, and other components
When people pay more for a house in an area with cleaner/clearer air, what benefits do they think that they are buying? Better health? Reduced soiling of clothes and materials? Or just better visibility? Certainly, we cannot assume that the air quality measured in the hedonic model that we use is valued only with respect to visibility or aesthetics per se, and not at all with 3 We note that some of the TSP values that we use might be above or below the range of TSP experienced in the housing areas studied in the original hedonic price analyses. We assume that WTP in these extreme TSP ranges still is represented well by equation (2), even though equation (2) was not estimated in the range of the extreme values. 4 TSP includes particulate matter greater than 10 microns in diameter (PM 10 ). However, because we do not have data on emissions of particles larger than PM 10 , we estimate TSP levels (PP Ł /PI Ł ) on the basis of PM 10 emissions. (Hence the use of PM 10 in Tables 1 and 2 .) We assume that the ratio PP Ł /PI Ł based on the available PM 10 emissions data is similar to the ratio PP Ł /PI Ł that would be derived based on TSP emissions were the TSP data available. We note also that combustion sources emit essentially no PM larger than PM 10 , and that PM larger than PM 10 does not affect visibility appreciably. respect to human health, soiling, and so on -even if people are judging air quality on the basis of visibility, which seems likely. People undoubtedly know that the pollutants that cause haze and reduce visibility also harm persons, plants, animals, and materials. We suspect that most people use visibility as an indicator for a variety of effects -but which effects, and with what importance?.
In a CV study of the benefits of pollution control in the South Coast Air Basin of California, Brookshire et al. (1979; 1982) found that, of the estimated total willingness-to-pay for improved air quality, about 34% was for improved aesthetics, which we would call visibility per se. The remaining 66% was for improved health. Similarly, in a CV study in the western San Francisco Bay area in 1980, Loehman et al. (1994) found that for the average person in the area, the bid to avoid a loss of nonpolluted visibility days was about two-thirds of the bid to avoid a loss of good health days, and the bid to obtain an increase in nonpolluted visibility days was about 10% of the bid to obtain an increase in good health days. Thus, in the Loehman et al. (1994) study, the value of visibility was 10% to 40% of the total health plus visibility value of air quality. Finally, in their survey of WTP to improve air quality in Chicago and Atlanta, McClelland et al. (1991) , found that 19% of the total WTP was for visibility per se, 49% was for health, 22% was for soiling, and 11% was for other impacts.
If home buyers nationally are similar to the persons who responded to the surveys of Brookshire et al., 1979; 1982 , McClelland et al. (1991 , and Loehman et al. (1994) , and if the evaluation of air quality explicit in these surveys is similar to the evaluation implicit in the choice of a home, then we may apply these survey findings to the hedonic study of Smith and Huang (1995) . Thus, we assume that value of visibility per se constitutes 15% to 35%, and the value of health per se 50% to 70%, of the total value of air quality estimated by the Smith and Huang (1995) meta-HPA. (Obviously, the 35% and the 70% high ends cannot both be true.) Table 1 shows that the total cost of anthropogenic TSP pollution in residential areas, according to the meta-HPA used here, is on the order of US$ 52 to US$ 88 billion in 1990 (1991 $). Assuming, as previously discussed that health is 50 to 70% of the total, and visibility represents 15 to 35% of the total, then the total health cost is US$ 26 to US$ 61 billion, and the total visibility cost is US$ 8 to US$ 31 billion. 
A damage function estimate of the health cost of air pollution
Overview of the method McCubbin and Delucchi (1996; 1999) use a multistep DF approach to estimate the health cost of actual air pollution levels in the US in 1990. They estimate health costs in every county of the US, as a function of the actual emissions, air quality, and population characteristics in each county. To estimate emissions, they start with the USEPA's official emission inventory system, and correct therein what they believe are over-or under-estimation errors . They use a basic Gaussian dispersion model with simple, two-or three-step atmospheric chemistry to model the relationship between changes in emissions and changes in air quality . Finally, they estimate the values for a variety of acute and chronic health effects, with special attention to the value of mortality, which naturally is one of the largest components of the social-cost analysis. In this respect, they distinguish pollution-related deaths whereby a few days or weeks of life are lost from pollution-related deaths whereby years of life are lost, and assign a much lower value to the former (McCubbin and 1999) . They also distinguish immediate from delayed deaths, and discount the latter to a present value.
5
McCubbin and 1999) estimate the health cost of small changes in air pollution (specifically, the cost of a 10% change in emissions related to motor vehicle use) and the total health cost of all anthropogenic air pollution. For the purposes of comparing DF results with HPA results, we use here their estimates of the total health cost of anthropogenic air pollution, because (1) it is an intuitively clear metric, and (2) the nonlinearities in both estimation methods (DF and HPA) are modest enough that the results of the comparison do not depend appreciably on the magnitude of the change in pollution McCubbin and Delucchi, 1996; 1999) . We compare estimates for the entire United States, rather than for particular regions, in order to be as general as possible. (We emphasize that, in both methods, our national totals are built up from county-specific estimates, and are not the result of generic national-level input assumptions).
DF estimates of the total cost of anthropogenic air pollution
Using a multi-step DF approach, McCubbin and Delucchi (1996; 1999) estimate that the total cost of anthropogenic air pollution in the US in 1990 was US$ 55 to US$ 670 billion (1991 dollars).
5 McCubbin and Delucchi (1996; 1999) assume that acute harvest deaths, i.e. immediate deaths, are 25% (upper-bound cost case) to 50% (lower-bound cost case) of total time-seriesestimated acute deaths. Recent work by Schwartz (2000 Schwartz ( , 2001 is broadly consistent with these estimates. His work suggests that harvesting does not play a major role, and that most deaths are advanced from months to years, rather than the few days suggested by the harvesting hypothesis. Ambient PM, including sulfates, nitrates, and organic aerosols, accounts for about 95% of the total damage cost, and mortality related to ambient PM accounts for about 70% of the total damage cost. Thus, assumptions about the relationship between PM and mortality, and about the value of mortality, strongly determine the overall cost estimates. 6 And the considerable uncertainty in these two relationships -at least a factor of two difference between the low and the high estimates of PM mortality, and at least a factor of 4 difference between the low and the high assumptions for mortality valuation -leads to great uncertainty in the total cost estimate, as manifested by the order-of-magnitude difference between the low estimate of US$ 55 billion and the high estimate of US$ 670 billion.
The differences between the estimates of McCubbin and 1999) , and those made by Krupnick and Portney (1991) , Hall et al. (1992) , and Small and Kazimi (1995) , can be explained largely by different assumptions regarding the number of deaths attributable to PM pollution, and the value of those deaths. For the value of a statistical life, Hall et al. (1992) assume a range of US$ 1Ð8 to US$ 9Ð2 million, Small and Kazimi (1995) a range of US$ 2Ð0 to US$ 11Ð0 million, and Krupnick and Portney (1991) a value of US$ 1Ð0 million (on the presumption that air pollution kills old and sick person with a low value of life). In a survey of 26 studies (21 labor market studies, 5 contingent valuation studies), the USEPA found that the average value of a statistical life was US$ 4Ð8 million in 1990 dollars (USEPA, 1999) . McCubbin and Delucchi (1996; 1999 ) use a range of US$ 0Ð01 to US$ 0Ð05 million for air-pollutionrelated deaths that would have occurred very soon anyway, had there been no pollution, and US$ 1Ð0 to US$ 4Ð0 million for deaths that would not have occurred soon . In these studies, there also are large differences in (i) applying the results of epidemiological studies to the entire population of the US, assuming that the conditions in each study are relevant to all persons in the US. (ii) assessing the relative potency of particulates based on size and source, e.g. that those emitted by motor vehicles are relatively more potent than soil-based particulates. While recent work by Schwartz suggests that they are indeed more potent, the epidemiological literature is still far from clear on the relative potency of different types. (iii) assuming that people's WTP is invariant to the amount of risk reduction already purchased. A more realistic assumption would be a declining marginal WTP.
the estimates of the number of deaths related to PM pollution. In the recent ExternE project, an analysis of the external costs of air pollution from power plants and motor vehicles in Europe, the problem of valuing a statistical life is analyzed in two parts: the number of life-years lost due to air pollution, multiplied by the value of a life-year lost (Spadaro et al., 1998; Funk and Rabl, 1999; Rabl and Spadaro, 1999) . However, in the ExternE analysis, the number of life years lost either is assumed or else is estimated on the basis of the Pope et al. (1995) cohort epidemiology study, and the value of a life-year is estimated on the basis of a mid-range assumption regarding the value of a statistical life (about US$ 3 million). Hence, although uncertainty in ExternE in the key assumptions is split into different components, the uncertainty is not eliminated or even substantially reduced.
There is, however, some indication that the statistical value of a life or life-year is less likely to be near the higher end of the ranges typically used, and that the lower and mid-range estimates may be more plausible. Air pollution mortality occurs mainly among the elderly: three-quarters of the statistical lives saved from the Clean Air Act are persons aged 65 and over (USEPA, 1997) . Although there are few estimates of the value of a statistical life specifically for the elderly, there are some indications that the value of a life-year for the elderly may be lower than those of the young. One study that does estimate WTP by age for reductions in mortality risk is Krupnick et al. (2000) . Using a CVM survey in Hamilton, Ontario, they find WTP does not vary much by age and remains relatively constant until about age 70, but then decreases by about one-third for individuals over 70. Cropper (2000) notes that simulations of the life-cycle consumption model of Yaari (1965) suggest that WTP for reductions in the risk of death are lower at age 60 than at 40, and this result is confirmed by Jones-Lee et al. (1985) . Johannesson and Johansson (1997) asked persons of varying ages their willingnessto-pay (WTP) today for a medical treatment at age 75 that would increase their life expectancy thereafter from 10 to 11 years. The average WTP was an order of magnitude lower, at least, than the value of life typically derived from contingent valuation and wage-risk studies. Johannesson and Joahnsson (1997) believe that the value is so low because the respondents expect that their quality of life at age 85 or 86 will be relatively poor, and because the extra year is 35 to 40 years down the road. 7 The upshot of this is that much uncertainty remains in the valuation step in DF analysis of the mortality costs of air pollution, particularly in the value of a statistical life by age, but that there is some indication that the higher values should be probably be avoided. As a modest check on this hypothesis, and on the overall credibility of the DF approach, we now compare our DF results with our HPA results.
DF health-cost results and a comparison with HPA estimates
The health cost of US$ 26 to US$ 61 billion estimated by the meta-HPA (Table 1) , lies at the low end of the US$ 55 to US$ 670 billion range of health costs estimated by the DF method and discussed above. This is consistent with our beliefs that: (i) the housing market does not capture the full cost of the health effects of air pollution, primarily because people are not well-educated about all of these; and (ii) the mortality valuation assumptions that lead to the upper end of the DF range may be too high.
We emphasize that our results merely are consistent with both (i) and (ii) being true, but do not by themselves demonstrate that both (i) and (ii) are true. In the absence of any other theory or evidence, a result in which a meta-HPA estimate lies at the low end of a DF estimate can be explained by either (i) or (ii). However, we give independent reasons why both (i) and (ii) might be true, and then find that our results are not inconsistent with both being true. It could have been otherwise. For example, if the meta-HPA estimate were at the high end of the DF range, then it would be unlikely that both (i) and (ii) were correct. In that case, and in the (also not obtained) case in which the HPA estimates were much lower than the low end of the DF range, we would have less confidence that any estimates were credible. But given that our results are not inconsistent with our beliefs about the problems with the DF and HPA approaches, we conclude tentatively that DF analysis of the health costs of air pollution should be based on 'conservative' estimates of the value of a life-year lost to air pollution. 7 An anonymous reviewer correctly notes that the Johannesson and Johansson (1997) 
A contingent valuation estimate of the visibility cost of air pollution
Overview
In this section, we present a contingent-valuation estimate of the cost of visibility impairment due to air pollution, for comparison with our meta-HPA-derived estimate. Most estimates of the cost of visibility impairment due to air pollution employ CV, in which researchers survey people and ask them to make explicit, but hypothetical, tradeoffs between visibility and dollars or goods with a known dollar value. The main strength of CV is that it is explicit: the item to be valued (in our case, visibility) is identified, described, and 'marketed' explicitly. In principle, one can perform a CV study of any nonmarket good, and one can value separately items that otherwise are difficult to disentangle: for example, the visibility and health effects of polluted air. Because they are hypothetical, CV studies are not limited by the availability of data from real markets. And because they explicitly ask for individual willingness-to-pay for specific goods or services, in principle they tell the costbenefit analyst precisely what she or he needs to know.
However, the obvious and potentially grave weakness of CV is that the valuation is hypothetical, and therefore reliable only insofar as people respond realistically to the hypothetical market (see Harrison and Rutström, 1999 , for a survey of the hypothetical bias literature). Unfortunately, this difficulty becomes most serious in precisely those situations in which CV in principle is the most useful: the valuation of nonmarket goods and services that people apparently care about but have no experience valuing or trading. With CV studies, the challenge then is to design a credible scenario and market mechanism, to induce people to behave as realistically as possible. (See Chestnut and Rowe, 1990b; and McClelland et al., 1991 , for further discussion of methodological issues. See Chestnut and Rowe, 1990a; and Chestnut and Dennis, 1997 , for a review of the literature). We see, then, that CV and meta-HPA have complementary strengths and weaknesses: CV elicits explicit valuation, but in a hypothetical market, whereas HPA reveals implicit valuation in a real market. This makes it particularly interesting to compare estimates derived from the two methods.
A meta-CVM function for WTP for changes in visibility Chestnut and Rowe (1990a) review the results of CVM studies of household WTP for visibility, and, develop the following function which puts the mean WTP results from different studies into a common metric:
where the subscript i denotes geographic area; VAHH i is the annual WTP per household in area i for visibility changes in that year; V 1i is the actual average annual visual range in area i (miles); V 2i is the hypothetical alternative average annual visual range in area i (miles); ln is the natural log; and a is an estimated coefficient (discussed below). Note that equation (5), unlike equation (1), already is the annual household WTP for the entire change in visibility, not the change in house value per unit of pollution or visibility. Hence, we do not need to integrate this equation between visibility levels, and then annualize the results; rather, we simply insert the appropriate visual range values. The total national visibility cost is then equal to the cost per household multiplied by the number of households (assuming for the illustrative calculation to follow that the 'region' i of interest is the entire US):
where VA US is the total national household WTP for the visibility change from V 1 to V 2 ; and H US is the number of households in the US in 1990 (94Ð3 million households in the entire US in 1990; Bureau of the Census, 1992). Because it is difficult to obtain or estimate visibility data for every county in the US, we estimate the national visibility cost of air pollution on the basis of what we assume to be national-average parameter values, rather than as the sum of county costs estimated with county-specific values.
The a coefficient
Chestnut and Dennis (1997) select a value of 160 for the coefficient a (in 1994 $), on the basis of the fully adjusted results from CV studies of the value of visibility in Chicago and Atlanta by McClelland et al. (1991) . This coefficient value of 160 corresponds to the McClelland et al. (1991) best estimate of the value of only visibility, after correcting for non-response and high-end bias. In 1991 dollars, the coefficient is 149.
Visual range
The National Climatic Data Center (NCDC, 1991) provides hourly horizontal visual range for 187 sites in the US in 1990. Visual range is the median of the 365 calculated daily visibility values, in miles, where the daily visibility is calculated as the average of the visibility readings at 10:00 AM, 1:00 PM, and 4:00 PM each day. Visual range typically is between 10 and 100 miles, and generally less than 50 miles. On the basis of the NCDC estimates, and data and estimates in Trijonis (1982 , Ozkaynak et al. (1985 , Watson and Chow (1994) , and USEPA (1998), we assume a national-average actual visual range of 15 to 25 miles in 1990 (V 1 . We assume that in the absence of anthropogenic air pollution, V 2 would be 80 to 100 miles (USEPA, 1998; Watson and Chow, 1994) .
Illustrative calculation
With the above assumptions, VA US in equation (6) is US$ 16 to US$ 27 billion. (This, like the HPA estimate of visibility cost, does not include WTP to improve visibility outside of air basins in which people live.) This range of US$ 16 to US$ 27 billion is in the middle of the US$ 8 to US$ 31 billion range estimated by HPA (Table 1) . Given the significant differences in approaches between the CVM and HPA, this close agreement lends some credence to the estimates, and gives us more confidence that it is reasonable to use these estimates in policy analysis. 8 In the next section, we present and apply a useful social-cost metric that can be derived from our HPA of visibility costs.
An application of the HPA estimates: the dollars-perkilogram visibility cost of pollution from motor vehicles
Motor vehicles are a primary source of PM, and hence a primary cause of visibility degradation. 8 Put another way, the similarity of results is consistent with, but does not demonstrate, the proposition that both methods and sets of results are valid. Had the CVM results differed widely from the HPA results, we would have known that at least one of the methods and results were flawed, and hence could not have made any claim for either of the results being valid.
Although vehicle emissions are often the subject of intense regulatory debate and benefit-cost analyses, there are few, if any, credible estimates of the visibility costs of motor vehicle emissions. We can use the HPA model described above to estimate the visibility cost per unit of pollution from motor vehicles. The per-unit cost then can be applied to estimate the total cost of visibility pollution due to motor vehicle use.
The total cost of motor vehicle pollution can be estimated simply as the product of three terms: the dollar damage cost per unit of pollutant emitted (say, US$/kg), units of pollutant emitted per mile of travel (kg/mi), and total miles of travel. Because data on emission factors (kg/mi) and miles of travel are widely available, the important contribution of a social-cost analysis is an estimate of the US$/kg damage. Thus, McCubbin and Delucchi (1999) , Funk and Rabl (1999) , and Small and Kazimi (1995) estimate the $/kg health-damage cost of motor vehicle emissions, and Murphy et al. (1999) estimate the $/kg crop-damage cost of motor vehicle emissions. In addition to these, it would be useful to have estimates of the $/kg visibility cost of motor vehicle emissions.
For this purpose of estimating the $/kg visibility cost of motor vehicle emissions, we use the meta-HPA of Smith and Huang (1995) , rather than the CVM function of Chestnut and Dennis (1997) , because the meta-HPA includes household income as well as air quality (TSP) as an explanatory variable and was estimated on the basis of a large number of studies, whereas the CVM function has only visual range as an explanatory variable and was specified according to the results of a CVM study for only two cities -Chicago and Atlanta (Chestnut and Dennis, 1997) .
We use the simple air quality model described in to determine the relationship between TSP air quality and a 10% reduction in motor vehicle emissions of PM and PM precursors in each county. This relationship allows us to estimate PP in equation (2), for each county. (Recall that PI are the actual TSP levels reported for each county). To produce a $/kg figure, we divide the total cost of the 10% reduction by the total amount of emissions reduced. This $/kg figure can be used with any assumed emission rate (in kg/mi) to produce an estimate of the damage cost per mile of travel. Table 2 shows the visibility cost per kg of pollutant emission, for a 10% reduction in motor LDGAs  0Ð58  4Ð09  0Ð22  1Ð21  1Ð35  5Ð00  0Ð01  0Ð04  LDGAsCU  0 Ð 46  3Ð04  0Ð21  1Ð13  0Ð34  1Ð08  0Ð01  0Ð04  LDGAsCUCRDP  0Ð33  1Ð92  0Ð21  1Ð13  0Ð34  1Ð08  0Ð01  0Ð04  LDGAsCUCRDPCRDU  0Ð09  0Ð74  0Ð21  1Ð13  0Ð34  1Ð08  0Ð01  0Ð04   HDDVs  0Ð32  3Ð79  0Ð11  0Ð90  0Ð62  3Ð38  0Ð02  0Ð17  HDDVsCU  0 Ð 31  3Ð69  0Ð11  0Ð87  0Ð43  2Ð15  0Ð01  0Ð10  HDDVsCUCRDP  0Ð31  2Ð25  0Ð11  0Ð87  0Ð43  2Ð15  0Ð01  0Ð10  HDDVsCUCRDPCRDU  0Ð10  0Ð91  0Ð11  0Ð87  0Ð43  2Ð15  0Ð01 vehicle use. 9 The estimates include the cost of visibility outside of air basins where people live, which, on the basis of the judgment of Chestnut and Rowe (1990a) and other sources cited in , we estimate to be 40% to 70% of the costs estimated by the HPA. (The estimates also include a correction for negative values produced in the HPA; see Delucchi et al., 1996, for details) . The results are shown for direct emissions from motor vehicles, motor vehicle emissions plus upstream emissions (e.g. from petroleum refineries making motor fuel), and motor vehicle plus upstream plus road-dust emissions. Table 2 indicates that, per kilogram of emission, direct PM and SO x emissions have the largest visibility costs. The $/kg cost of SO x exceeds the $/kg cost of NO x because the fraction of SO x that becomes particulate sulfate (which causes the reduction in visibility) exceeds the fraction of NO x that becomes particulate 9 Delucchi (2000) summarizes estimates of the $/kg cost of emissions from motor vehicles.
nitrate . The $/kg cost of VOCs is so small because such a small fraction of VOC emissions becomes organic aerosol (which causes the reduction in visibility).
The $/kg cost including emissions from paved and unpaved roads is much smaller than the $/kg cost of vehicular tailpipe emissions only (or tailpipe plus upstream emissions) because particulate matter from vehicles and upstream sources generally is fine, whereas most road dust PM is coarse, and the light-extinction coefficient for coarse particles is much less than the coefficient for fine particles.
The total visibility cost of motor vehicle use Delucchi (2000) summarizes estimates of the total social cost of motor vehicle pollution: US$ 24-450 billion/year of health costs (including, in the high end, a somewhat speculative US$ 154 billion of damages from road dust alone), US$ 5-37 billion/year of visibility costs, US$ 0Ð4-8 billion/year of material-damage costs, and US$ 2-6 billion/year of damages to forests and crops. Visibility costs thus are about an order of magnitude smaller than health costs, but large enough absolutely to be worth estimating.
Conclusions
Public awareness and concern about the problems associated with reduced air quality have increased in recent years. Nevertheless, there still remains considerable uncertainty about both the severity and the valuation of these impacts. The valuation of environmental damages can play an important role in establishing environmental policy and regulatory standards, and can provide guidance in targeting mitigation efforts. In order to achieve environmental objectives at least cost, policymakers and managers need to balance the relevant social costs and benefits. Without reasonable estimates of these values, it is difficult, if not impossible, to formulate efficient environmental policies. The estimates of the health and visibility costs of air pollution can differ by an order of magnitude, and this can be disconcerting when these differences may be critical in deciding among policy options. Further research is necessary before this valuation uncertainty can be reduced. In the meantime, the goal of this paper is to determine whether the existing estimates are reasonable for use in decisionmaking, such as benefit-cost analysis, and to compare alternative methods of estimating these values.
When estimating the health costs of reduced air quality, premature mortality is not only one of the single largest cost components, but it is also one of the largest sources of uncertainty. Thus, it is hardly surprising that estimates can differ by an order of magnitude. The elderly are most likely to be affected by changes in air quality (USEPA, 1999), yet the average age in most wage-risk studies is closer to 40. There is some evidence that the value of a statistical life for the elderly may be lower than that of younger individuals (Jones- Lee et al., 1985; Krupnick et al., 2000) ; the USEPA (1999) comments that the direction of this age bias is uncertain, but probably an overestimate. Damage-function estimates that do not account for differences in mortality values by age will tend to overestimate these costs, suggesting that the more conservative DF estimates are more reasonable. Meta-hedonic price analysis is not sensitive to assumptions about mortality costs and offers a natural complement to DF estimates. However, hedonic price analyses assume that individuals are fully informed about the relationship between air quality and health impacts. Although individuals may be aware that this relationship exists, it is less likely that they are educated enough to correctly incorporate this information into their pricing decisions for housing. To the extent that people underestimate this relationship, HPAs will tend to underestimate the health costs.
Our application of a meta-hedonic price analysis of the cost of air pollution produces an estimate of the health cost that lies at the low end of a range we estimate with the damage function approach. This is consistent with the hypothesis that damagefunction estimates will tend to overestimate the health costs (because mortality estimates may be too high), and HPAs will underestimate these costs (because individuals may not be well-educated about the health effects). We conclude that DF analyses of the health costs of air pollution should be based on conservative estimates of the value of a life-year lost to air pollution and should reflect the differences in the value of a life year for different age groups, particularly the elderly.
Non-market valuation techniques have played an increasingly important role in policy debates and have influenced regulatory decisions by the USEPA (Smith, 2000) . Although significant progress has been made in refining these techniques, there is still considerable uncertainty regarding these values. We apply different, complementary valuation techniques to estimate the health and visibility costs of air pollution in the United States. Although the consistency of our results does not necessarily imply that they are accurate, it is reassuring that two independent estimates of these values generate consistent results. Moreover, we can draw an overall conclusion about validity of HPA. If on the one hand the HPA air quality estimate lies at the low end of the DF range -as we expect -and on the other the HPA visibility estimate is similar to the CVM visibility estimate, we can conclude tentatively that our understanding and interpretation of HPA results are reasonable. Until further research reduces the uncertainty surrounding existing estimates, our results suggest that these valuations are reasonable for use in policy analyses and management decisions.
